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Abstract 
Embedding of grit during abrasive waterjet (AWJ) is known to have an adverse effect on component fatigue life. To address this 
issue Plain Waterjet (PWJ) Machining, which does not make use of any abrasive material may be used as an alternative process.
This paper presents an analysis of the impact of PWJ Machining on the surface integrity of Aluminium 7475 parts. Plates of 
Aluminium 7475 are subjected to PWJ surface machining. A range of machining parameters is considered, including traverse 
speed, stand-off distance, jet pressure, and number of passes. These plates are then subject to surface analysis to measure surface 
texture and residual stress, prior to fatigue life testing. This analysis allows conclusions to be drawn with regard to optimal 
machining conditions for fatigue life improvement. It is shown that waterjet induces compressive residual stress that benefits 
fatigue life. 
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1. Introduction 
The technology of high pressure Waterjet 
machining is an extremely versatile process which has 
been significantly studied by a number of research 
teams [1, 2, 3, 4, 5]. It has found application in a wide 
range of industrial sectors, for processes such as 
cleaning, surface layer removal, cutting, surface 
machining, or other surface modification processes 
such as surface treatment or waterjet peening (WJP). 
As with all machining processes there are a wide 
range of significant parameters that must be optimised 
for a given application. For example different 
processing parameters and material properties have to 
be carefully assessed in order to produce the desired 
process qualities, such as material removal rate, and 
the resulting surface finish and integrity [6, 7, 8]. 
Surface integrity is becoming increasingly important 
for Waterjet machining as it finds applications in 
challenging industrial sectors such as the aerospace 
industry. The most common form of waterjet 
machining is Abrasive Waterjet machining, in which 
additional abrasive particles are added to the jet to 
enhance material removal rates. This increases the 
efficiency of the process significantly, however in 
many applications the residual abrasive particles that 
become embedded in the machined surface are a 
source of concern. These particles have been shown to 
reduce fatigue life [9, 10, 11], and in addition lead to 
other problems with subsequent processes such as 
welding, or surface deposition. To address this work 
has focused on the use of Plain Waterjet (using no 
abrasives) machining as an alternative process [12]. 
In this paper the effect of the plain waterjet 
machining process on the life span of components is 
assessed. While previous studies have focused on the 
optimisation of surface finish, or material removal rate, 
in this work the full surface integrity of processed 
material is assessed. This includes an analysis of both 
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surface finish, as well as surface residual stress.  
 
Residual stress as a result of Waterjet treatment of 
surfaces has been exploited in the development of 
WJP which is a relatively new application of the 
waterjet technology [13]. It is a mechanical surface 
strengthening process where high-frequent impact of 
water drops on the surface of metal components, 
which causes local plastic deformation. As a result, 
high compressive residual stresses are induced in the 
surface-near layer, which leads to enhanced surface 
hardness and fatigue life of components [6]. With the 
development of ultra-high pressure pump technology, 
surface treatment using PWJ can compete with other 
techniques in many applications for a wide range of 
applications, including cleaning, coating removal, 
roughening to enhance bonding characteristics, or 
peening to improve the fatigue properties [10, 11, 14, 
15]. There are also many advantages are offered by the 
WJP process especially in leaving a clean surface, 
with the absence of thermal effects [6, 15]. As ultra-
high-pressure waterjets can cause surface erosion or 
surface damage, this must be taken into account when 
applying WJP. Chillman et al. state it is important to 
determine the optimum conditions to promote a 
controlled surface preparation without inducing 
detrimental material erosion for this reason [14]. In the 
case of Waterjet Machining, material erosion is 
implicit leading to a complex surface state. Surface 
roughness is often increased, while at the same time 
some level of residual stress is generated in the surface. 
While a good understanding of surface roughness can 
be obtained using a wide range of measurement 
techniques, it is conversely much harder to measure 
the residual surface stress. As such once material 
removal has been initiated there is no clear 
understanding of the level of residual stress that has 
been developed. In addition there is currently not a 
clear understanding of how the process impacts on 
residual stress, for example, if there are optimum 
process parameters that lead to enhanced levels of 
residual stress.  
 
An understanding of both surface roughness, and 
surface stress is critical for assessing the surface 
integrity of machining components and ensure optimal 
part lifetimes. For example fatigue is an important 
concern in the design of engineering components, with 
fatigue failures generally originating at the surface of 
components. These may be due to service induced 
flaws, environmental factors, and particularly the 
surface integrity resulting from manufacturing 
processes are all sources for premature failure [16]. 
Fatigue damage on the surface of a component 
typically develops due to the surface integrity 
resulting from manufacturing, such as the residual 
stress and the presence of stress concentrations 
originating from the surface topography. In general, 
the fatigue strength of engineering components 
increases with a decrease in the surface roughness [17], 
and an increase in residual compressive stress [6, 18]. 
 
The paper presents the findings of an initial 
investigation into how surface integrity as a result of 
Plain Waterjet machining impacts on component 
fatigue life. Aluminium is used for testing as it is 
widely used for flight-critical airframe structural 
components, and aluminium alloys are the 
overwhelming choice for the fuselage, wing, and 
supporting structures [19]. Aluminum 7475 offers 
strength and fracture toughness while resisting fatigue 
crack propagation [20, 21]. A set of parameters which 
could provide acceptable surface finish and removal 
rates are determined and used to produce fatigue test 
specimens. These specimens are milled by waterjet 
using a fanjet nozzle designed for wide area surface 
removal [22], with a range of different parameters 
selected to  in order to see the effect of Plain Waterjet 
on fatigue life. Measurements of surface roughness 
and surface stress were collected using white light 
surface profiling, and x-ray diffraction respectively. 
These results are then used to determine the overall 
surface integrity and its’ impact on fatigue life. 
 
2. Experimental Procedure 
 
The high-pressure waterjet system used in this 
investigation employed a 5-axis Water Jet System 
(Ormond) with KMT Streamline SL-V 100S Plus 
ultra-high pressure intensifier pump capable of 
providing maximum pressure of 413.7MPa (60,000 
psi). A fanjet nozzle was used as shown in figure 1. 
This nozzle is very effective as the jet covers a wide 
area and therefore removes a large area from the 
material. 
 
             
 
Fig. 1. Shows the fanjet nozzle, with the associated jet shape 
 
The fatigue tests were carried out using an Instron 
8801 Servohydraulic test machine with capacity of 
±100KN load cell with Hydraulic wedge grips 
frequency sign wave. For both the machined and 
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unmachined samples, a sample of the material was cut 
for the X-ray diffraction test using the D8 Discover. 
The test was performed for each of the parameters for 
both the machined and unmachined samples and 
repeated at least twice for some samples.  
 
Two Aluminium 7475 plates, of Vickers hardness 
value of 150, with different thickness, were used to 
prepare test samples. The plates were initially 3 mm 
thick, and then were machined by waterjet using fanjet 
nozzle with water only; each side of the plate had 
approximately 500 μm thickness removed in order to 
be left with a 3 mm thick plate. Table 1 shows the 
waterjet experiment parameters, the selected 
parameters were pressures of 40 and 50 kpsi, feedrates 
of 2000, 3000 and 5000 mm/min, and standoff 
distance of 10 and 25 mm. These were chosen based 
on previous experience of machining similar 
materials. The number of passes was selected to result 
in a removal of as close as possible to 500 μm from 
the material surface. The feedrate was chosen in order 
to improve the surface roughness, and it is known that 
rougher surfaces are produced at lower feedrates [13, 
23]. The two highest pressures, which run on the 
machine, of 40 and 50 kpsi were chosen as they have 
the best MRR. 
 
Table 1 shows the waterjet experiment parameters 
 
Exp Feedrate Standoff distance Passes Pressure 
No. mm/min mm No. K psi 
1 5000 10 4 40 
2 3000 25 2 40 
3 5000 10 2 50 
4 3000 25 1 50 
5 4000 10 2 40 
6 4000 25 3 40 
7 4000 25 2 50 
8 4000 10 1 50 
 
From the milled sheets fatigue samples were 
cut by abrasive waterjet using a focusing tube with the 
following parameters: pressure of 50 kpsi, feedrate of 
100 mm/min, standoff distance of 10 mm, as shown in 
figure 2. The abrasive applied was Australian garnet 
of mesh size 80 with a feedrate of 0.632 kg/min. 
 
 
 
Fig. 2. Fatigue sample being cut using waterjet focusing tube 
 
3. Results and discussion 
 
3.1. Surface texture following waterjet 
 
A Bruker 3D microscope was used to analyse an 
area of approximate size of 1 mm by 1.3 mm of the 
waterjet samples for the measurement of peak and 
valley of the area; it was set to these thresholds for 
comparison reasons. The typical surface topography 
results, after waterjet machining, of the peaks and 
valleys can be seen in 3 dimensional views in Figure 
3. 
 
 
 
Fig. 3. Three dimensions of the surface after WJ 
 
After using waterjet milling, the surface 
roughness is clearly deteriorating, and as expected, 
which is shown in the graph in figure 4. The surface 
roughness, for all the experiments, is much higher than 
for the unmachined surface. The surface roughness is 
a factor for fatigue life, as is well known, and from the 
graph, for the machined surface, the best surface 
roughness is at 5.5 μm and the least favourable one is 
at approximately 6.5 μm when the unmachined 
surface is below 0.5 μm. As shown in figure 4, the 
least favourable Ra was for experiments 3 and 4. 
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Fig. 4. Shows Ra for each experiment 
 
3.2 Fatigue life testing 
 
Each experiment was run for four identical 
fatigue samples. The result in figure 5 shows the 
average number of cycles for the four fatigue samples 
and shows the number of cycles with different 
parameters during waterjet milling. The error bars 
were determined by the result of the four samples. As 
illustrated in the graph the number of cycles where the 
unmachined surface has failed is approximately 
46,000, as shown by the red line, however for the 
machined surface the failure was approximately 
between 39,000 and 49,000. While four of the test 
specimens resulting in degraded fatigue life as 
compared to the control sample, the four resulted in 
either no change or an improvement, with a total 
fatigue life improvement from worst case to best case 
of 25%. 
 
 
 
Fig. 5. Average fatigue life in cycles of the samples machined and 
unmachined by waterjet 
 
3.3. Results of X-ray diffraction 
 
The stress measured for each test sample is 
illustrated in figure 6. It can clearly be seen that the 
waterjet machining had an effect on residual stress 
generating significant levels of compressive stress. In 
many cases stress levels of 4 or 5 times higher than the 
unmachined surface have been developed. However, it 
is also clear that there is a large variation in 
compressive stress that is developed for each of the 
test samples, indicating that the waterjet machining 
process may be optimised to develop maximum 
compressive residual stress.  
 
 
 
Fig. 6. Shows the x-ray diffraction results for each experiment 
(negative values indicate compressive stress) 
 
3.4. Material Removal Rate 
 
Figure 7 illustrates the Material Removal 
Rate (MRR) for all the experiments. It is shown that 
the best MRR is for experiment number 8 followed by 
that of experiment 4; both experiments were 
performed with one pass of machining. This is then 
followed by experiments 2 and 7 respectively, where 
both experiments were performed with 2 passes of 
machining. It can clearly be seen that the least 
favourable MRR is for experiment 1 which was 
performed with 4 passes. From this observation, more 
MRR is removed from the first pass than from the 
second pass. This result demonstrates the possible 
impact of residual stress from previous machining 
passes on the material removed by subsequent passes. 
This results in a reduction of material removal rate as 
the waterjet has to overcome the residual compressive 
stress.  
 
 
 
Fig. 7. Graph for MRR for each experiment number 
 
4. Conclusions 
 
It has been concluded from these experiments 
that plain waterjet may have a significant impact on 
residual surface stress on machined components. An 
interesting finding is that the level of residual stress is 
significantly influenced by the process parameters 
used, indicating the potential for an optimum set of 
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parameters that result in maximum residual stress.  
 
After investigating the results from the 
fatigue test, x-ray diffraction, and surface texture 
analysis there is some evidence that indicates that the 
residual stress generated may negate the negative 
influence of the increased surface roughness from 
waterjet milling. In addition in some cases the waterjet 
machined samples were able to outperform the 
unmachined control samples under fatigue testing.  
 
A final interesting conclusion is drawn from 
the results of the material removal rates calculated for 
each test process. These MRR values showed that 
higher MRR is possible for single pass machining, as 
compared to multi-pass machining. One explanation 
for this may be that the increased residual compressive 
stress in the material following an initial pass makes 
the removal of subsequent material harder. 
 
References 
 
[1]. Kulekci, M.K., 2002, Processes and apparatus 
developments in industrial waterjet applications, 
International Journal of Machine Tools & 
Manufacture 42, p. 1297–1306. 
[2] Huang, L, Folkes, J., Kinnell, P., Shipway, P. H., 
2012, Mechanisms of damage initiation in a titanium 
alloy subjected to water droplet impact during ultra-
high pressure plain waterjet erosion, Journal of 
Materials Processing Technology, 212, p. 1906-1915. 
[3] Folkes, J., 2009, Waterjet – An innovative tool for 
Manufacturing, Journal of Materials Processing 
Technology, 209, p. 6181-6189. 
[4] Axinte, D. A., Srinivosu, D. S., Kong, M. C., 
Butler-Smith, P. W., 2009, Abrasive waterjet cutting 
of polycrystalline diamond: A preliminary 
investigation, International Journal of Machine Tools 
and Manufacture, 49, p. 797-803. 
[5] Kong, M. C., Axinte, D., Voive, W., 2010, Aspects 
of material removal mechanism in plain waterjet 
milling on gamma titanium aluminide, 2010, Journal 
of Materials Processing Technology, 210, p. 573-584. 
[6].Kunaporn, S., Ramulu, M., Hashish, M., 2003, 
Mathematical Modeling of Ultra High Pressure 
Waterjet Peening, 2003, WJTA American Waterjet 
Conference, August 17-19, 2003  Houston, Texas. 
[7] Arola, D., McCain, M. L., Kunaporn, S., Ramulu, 
M., 2002, Waterjet and abrasive waterjet surface 
treatment of titanium: a comparison of surface texture 
and residual stress, Wear, 249, p. 943-950. 
[8] Colosimo, B. M., Monno, M., Semeraro, Q., 2000, 
Process parameters control in water jet peening, 
International Journal of Materials and Product 
Technology, 15, p. 10-19. 
[9] Huang, L., Kinnell, P., Shipway, P. H., 2013, 
Parametric effects on grit embedment and surface 
morphology in an innovative hybrid waterjet cleaning 
process for alpha case removal from titanium alloys, 
Procedia CIRP, 6, p. 595 – 600 
[10] Kong, M. C., D. Axinte, et al., 2011, Challenges 
in using waterjet machining of NiTi shape memory 
alloys: An analysis of controlled-depth milling." 
Journal of Materials Processing Technology, 211, p. 
959-971. 
[11] Kong, M. C., D. Axinte, et al., 2011, An 
innovative method to perform maskless plain waterjet 
milling for pocket generation: a case study in Ti-based 
superalloys, International Journal of Machine Tools 
and Manufacture, 51, p. 642-648. 
[12] Farayibi, P. K., Murray, J. W., Huang, L., Boud, 
F., Kinnell, P. K., Clare, A. T., 2014, Erosion 
resistance of laser clad Ti-6Al-4V/WC composite for 
waterjet tooling, Journal of Materials Processing 
Technology, 214, p. 710– 721. 
[13].Azhari, A., Schindler, C., Kerscher, E., Grad, P., 
2012, Improving surface hardness of austenitic 
stainless steel using waterjet peening process, 
International Journal of Advanced Manufacturing 
Technology, 63, p. 1035–1046. 
[14].Chillman, A., Ramulu, M., Hashish, M., 2007, 
Waterjet Peening and Surface Preparation at 600 MPa: 
A Preliminary Experimental Study, Journal of Fluids 
Engineering, Transactions of the ASME, 129, p. 485-
490. 
[15].Daniewicz et al, 1999, Characterization of a 
Water Peening Process, Journal of Engineering 
Materials and Technology, 121, p. 336-340. 
[16].Arola, D., Alade, A. E., Weber, W., 2006, 
Improving Fatigue Strength of Metals using Abrasive 
Waterjet Peening, Machining Science and Technology: 
An International Journal, 10, p. 197-218. 
[17].Arola, D., Williams, C. L., 2002, Estimating the 
fatigue stress concentration factor of machined 
surfaces, International Journal of Fatigue, 24, p. 923–
930. 
[18] Ramulu, M., Kunaporn, S., Jenkins, M., Hashish, 
M., Hopkins, J., 2002, Fatigue performance of high-
pressure waterjet-peened aluminium alloy, Journal 
Technology, 124, p., 118-123. 
[19] Starke et al., 1996, Application of modern 
Aluminium alloys to aircraft, Pro 9. Aerospace Sci., 
32, p. 131-172. 
[20].http://www.steelforge.com/aluminum-7475/ 
[21].http://www.alcoa.com/global/en/products/product
.asp?prod_id=611 
[22] Boud, F., Folkes, J., Kinnell, P., 2012, A 
comparison of high pressure water jet nozzles in 
milling Inconel 718 and Martensitic steel, 21st 
International Conference on Water Jetting, Ottawa, 
Canada, 19th-21st September, 2012, p. 379-393. 
[23] Akkurt, A., Kulekci, M. K., Seker, U., Ercan, F., 
2004, Effect of feed rate on surface roughness in 
abrasive waterjet cutting applications. Journal of 
Materials Processing Technology, 147, p. 389-396. 
